The discovery, by Freundlich, Burns, and Umbarger (6) , of multivalent repression in isoleucine-valine biosynthesis in Escherichia coli revealed a mechanism which regulates the levels of the enzymes of biosynthetic pathways leading to several products. This form of regulation, in which a deficiency of any one of the several products leads to derepression of the enzymes for the pathway, has also been shown to operate in the threonine-methionine pathway in E. coli (2, 4) . It seems to be an alternative to the mode of regulation in which several enzymes, each repressed by one of the end products, catalyze a single step (13) . So far, multivalent repression has been found only in these two pathways, and only in bacteria.
The regulation of the isoleucine-valine biosynthetic pathway in E. coli K-12 is complex. There are two, or possibly three, operons involved (2, 6, 14) , and only one, that containing the enzymes catalyzing steps 1, 4, and 5 in Fig. 1 , is repressed multivalently. If the appropriate nutritional mutant is limited for the exogenous supply of isoleucine, valine, or leucine, these enzymes are coordinately derepressed 10-to 20-fold. Enzyme 2 on the other hand, is only derepressed by limitation for valine.
Because multivalent repression is a relative rarity even in bacterial systems, one might expect isoleucine-valine biosynthesis to be controlled differently in eucaryotes, whose regulatory mechanisms are in general less efficient. That differences between the two groups of organisms may occur is shown by the work of Gross (7), who demonstrated that leucine biosynthesis in Neurospora crassa is regulated by sequential induction, the product of the first enzyme of the pathway being the inducer for the next two enzymes. The two enzymes which were induced may have been coordinately induced but did not map adjacent one to the other.
In earlier reports (1, 10, 11) , we examined regulation of the activity of the first two enzymes concerned with isoleucine-valine biosynthesis in Saccharomyces cerevisiae. In this paper, we show that at least four of the five enzymes in the pathway are repressed multivalently by isoleucine, valine, and leucine, and that two of them may be depressed coordinately, at least over part of the range which we have been able to examine.
MATERIALS AND METHODS
Strains. M2 (trp iso-2), M6 (trp iso-1), M7 (trp iso-3), and M12 (trp iso-S) were isolated by S. N. Kakar (8) permeable by the addition of 0.5 ml of toluene followed by rapid mixing on a Vortex mixer for 30 sec and incubation for 90 sec at 30 C. The cells were then centrifuged at 27,000 X g and were resuspended to give between 2 and 10 mg of protein per ml, measured as described below. The wash after toluene treatment reduces the concentration of allosteric effectors which might affect the assays.
Enzyme assays. The assays for acetohydroxyacid synthase (AHA synthase) and threonine deaminase have been described previously (10, 11) . AHA synthase was routinely assayed at pH 8.0 to minimize contributions of the acetoin-forming system (10) .
Dihydroxyacid dehydrase (DHA dehydrase) was assayed by a modification of the Friedmann-Haugen method. Cells which had been made permeable were incubated with 0.05 ml of 0.05 M MgSO4 for 10 min at 30 C. The reaction was started by the addition of 0.05 ml of a 10 mg/ml solution of DL-dihydroxyiso-
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Step 4 Step 5 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from valerate, sodium salt (prepared by Cyclo Chemical Co.), in 0.5 M Tris-hydrochloride (pH 7.7). After 20 min, the reaction was stopped by the addition of 0.25 ml of 0.3% dinitrophenylhydrazine in 2 N HCI, and 10 min later 1.5 ml of 1.5 N NaOH was added. After another 10 min, 1.5 ml of absolute ethyl alcohol was added. The tubes were mixed vigorously on a vortex mixer and centrifuged. The optical density (OD) of the reaction mixture was read at 520 nm on a Bausch & Lomb Spectronic-20 colorimeter, and the quantity of ketoacid in each was determined from a standard curve prepared with pyruvate. A zero-time blank was always subtracted because the cells often contained some dinitrophenylhydrazine-positive material.
Reductoisomerase was assayed on a Gilford 2400 spectrophotometer in a reaction mixture containing (per ml) 0.02 ml of 0.05 M MgSO4, 0.01 ml of reduced nicotinamide adenine dinucleotide phosphate (NADPH; 10 mg/ml), 0.03 ml of0.25 M acetohydroxybutyrate (Reef Laboratories, Lafayette, Ind.), and 0.9 ml of 0.5 M Tris-hydrochloride (pH 7.7). The reaction was followed for 8 min, and the A OD/ minute at 340 nm was calculated for the last 6 min. The rate of oxidation of NADPH in a reaction mixture lacking substrate was subtacted from this value to give the true enzymatic rate. Assays of all four enzymes were always conducted in duplicate.
Protein assays. Samples of the cell preparations, diluted 1:10 or 1:20 in 1 M NaOH, were boiled for 5 min and then centrifuged. The supernatant fluid was assayed by the method of Lowry et al. (9), with bovine serum albumin as a standard. Suitably diluted and boiled samples of the Tris-glycerol-DTr buffer were added to the standard curve, since DTT reacts to some extent in the Lowry assay. RESULTS Limitation of growth. Probably because of competition of the two amino acids for the same permease, it is very difficult to grow isoleucinevaline auxotrophs in a chemostat in a medium limiting for one or the other of these amino acids. Therefore, the cells were grown in batch culture, and peptides were used in place of the free amino acids to limit growth. For isoleucine, 0.27 mg of Lisoleucylglycine per ml was used. For valine, 1 mg of DL-glycylvaline per ml served. Figure 2 shows that the generation times for a typical auxotroph were 12 hr on isoleucylglycine and 7.5 hr on glycylvaline. Medium M gave a generation time of 2.75 hr. To show that the cells are in fact limited by these peptides, one can restore the appropriate amino acid and decrease the generation time to the normal level. Thus, auxotrophs grown on these peptides as nutritional supplements could be expected to be derepressed for the biosynthetic enzymes.
Neither glycyleucine nor leucylglycine would serve as a source of leucine for a leucine auxotroph, so of leucine and valine for the same permease. Figure 3 shows that the growth of MD13, a leucine auxotroph, was strongly inhibited by valine at concentrations of 1.5 X 10-2 (generation time = 7 hr) and 2 X 10-2 M (generation time = 9.25 hr) when leucine was present at 5 X 10-M. Increasing the leucine to 10-2 M restored normal growth (generation time = 3.25 hr). Both concentrations of valine were used to derepress this strain.
Derepression of isoleucine-valine biosynthetic enzymes. Table 1 shows the activities of the isoleucine-valine biosynthetic enzymes in various mutants grown on various media. Each value is the average of at least two experiments. It can be seen that derepression of four-to fivefold is possible for each of the enzymes except threonine deaminase. The latter increases at most threefold under conditions of isoleucine limitation and shows very little increase when valine is the limiting nutrient. Although all of these strains are presumably derived from the same parent, differing by a single mutation, they show rather different basal levels of the various enzymes. Furthermore, M7 shows the highest specific activity of all of the enzymes on medium M, rather than on IG or GV medium. RM medium is less effective than Y medium in repressing the enzymes in this strain, whereas the converse is true in the other strains. Relative levels of the various enzymes. Kakar and Wagner (8) showed that the genes iso-i, iso-2, iso-3, and iso-S are not linked in S. cerevisiae. One would, therefore, expect that the derepression of the enzymes would not be coordinate. Figure 4 , a plot of the specific activity under various growth conditions of threonine deaminase versus DHA dehydrase, shows that those enzymes are not coordinately controlled. Although a reasonably straight-line relationship can be drawn, the line does not extrapolate through the origin. Similar relationships can be shown for threonine deaminase versus AHA synthase and for reductoisomerase against any of the other three enzymes. In MD13, AHA synthase and DHA dehydrase, however, show an almost linear correlation (Fig.  5A) . Figure 5B demonstrates be regulated by a mechanism which differs in some way from that for threonine deaminase. That this difference exists is indicated by the isolation of mutants derepressed for synthase and dehydrase but not for threonine deaminase (P. T. Magee, in preparation). DISCUSSION Multivalent repression, not heretofore shown in eucaryotes, regulates the biosynthesis of isoleucine and valine in S. cerevisiae. Although the role of the vitamin pantothenic acid was not investigated in this study, it is clear that isoleucine, leucine, and valine are all necessary to repress the biosynthetic enzymes, and that limitation for any of these causes a derepression of these enzymes. This derepression may vary from 3-fold for threonine deaminase to 5-to 10-fold for AHA synthase. In bacteria, derepression for these enzymes may be as much as 50-fold (2 The lack of coordination in the regulation of two of these four biosynthetic enzymes is to be expected, given the fact that they are not linked genetically. The question of whether there is a single regulatory mechanism acting upon all four, as is the case with the unlinked arginine genes in E. coli (7a) , will remain open until regulatory mutants have been thoroughly studied. The fact that the plot of threonine deaminase versus synthase or dehydrase extrapolates to a basal level of about one rather than zero may indicate that the regulation of this enzyme, although physiologically similar, involves a molecular mechanism different from that for the other two.
Evidence to be reported elsewhere (Hartwell, McLaughlin, and Magee, in preparation) indicates that the isoleucyl-transferribonucleic acid (tRNA) synthase plays a part in multivalent repression in yeast, since strains with a temperature-sensitive isoleucyl-tRNA synthase show derepression for at least two of the enzymes in the pathway. Very similar results have been reported for strains of E. coli with a temperature-sensitive valyl-tRNA synthase. There is at present no evidence as to the role of leucyl-tRNA synthase in regulation of the isoleucine-valine pathway, although Printz and Gross (12) have shown that mutants of N. crassa with a lesion in the leucine-activating enzyme are not derepressed for the enzymes specific for the biosynthesis of leucine.
How the lack of any one of two or possibly three very complex molecules functions to turn on specific protein synthesis is presently far from clear. One possibility is that the system is analogous to the lac operon, with a single molecule serving as repressor. This molecule would have sites for each of the co-repressors; a lack of any one of the co-repressors would cause the molecule to lose its affinity for the operator and allow transcription of the appropriate genetic material. A second, closely related possibility is that the repressor has a single site for an inducer; this inducer would be any of the three types of uncharged tRNA. The site on the repressor would presumably have an affinity for some common sequence on the RNA molecules. Many other possibilities, some involving regulation at the translational level, can also be envisioned. To distinguish among these possibilities and to elucidate the molecular mechanism will require analysis of many sorts of mutants, among them derepressed strains and strains with lesions of various sorts in protein synthesis.
